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I. INTRODUCTION HE RESULTS described in this paper constitute the T status of research on free electron lasers (FEL's) at the University of Maryland. The focus of the overall program is to develop a short-period-wiggler (SPW) free electron laser (FEL) with a sheet electron beam as a source of high-average-power millimeter-wave radiation for electron cyclotron resonance heating (ECRH) in advanced magnetic fusion experiments such as the Compact Ignition Torus. Other applications include sources for nearmillimeter space-based radar.
The general specifications 11 for the ECRH sources call for 10-30 MW of average power with pulse durations of several seconds to CW. The radiation frequency should be near 300 GHz, with possible interest in -600 GHz for second-harmonic ECRH. A premium is placed on high system efficiency, as well as the utilization of established (i.e., low-risk), off-the-shelf technology where possible. Similarly, there is a demand for high system reliability and flexibility in future utilization of the ECRH source(s). Finally, to ensure experimental physics flexibility, it is desirable that the radiation source have -30% total operating bandwidth with -5 % rapid dynamic bandwidth (timescale 5 10 ms).
One proposed solution to this need is an FEL CW oscillator which uses:
3)
4)
a short period (l,,, -1 cm) planar wiggler, a "low" voltage ( Vheal,, 5 1 MV) sheet electron beam generated by a CW, electrostatic, thermionic Pierce gun, a depressed collector for spent beam energy recovery, and two dc, "off-the-shelf' ' high-voltage power supplies; one bias supply at 0.5-1 .O MV drawing 5 100 mA, and a second supply at <200 kV, providing -30-60 A of beam current.
A simplified schematic of the basic configuration is shown in Fig. 1 . The logic supporting the preceding choices is reviewed next.
The choice of an FEL is based on the strong established experimental database demonstrating high-power highfrequency operation at parameters relevant to the needs for ECRH. Natural wideband frequency tunability and low RF wall losses are among other compelling features of conventional FEL's. Our proposed use of CW operation is intended to avoid hysteritic cyclic stress failure in critical system components. Cyclic fatigue is a common failure mode in repetitively pulsed high-power mechanical and electronic systems. Cavity cracking in recent highpower gyrotrons at Varian [2] is just one more-very germane-example of this problem. By specifying a planar wiggler with short spatial period (I,, -1 cm) one reduces the requirement on beam voltage ( Vbeam 5 1 MeV) to achieve millimeter-wave ( 2 3 0 0 GHz) operation [3] , [4] . At these voltages, one can generate the required beam power with established off-theshelf dc power supply technology. Hence in this regard, the issue is power supply cost rather than the risk of developing new technology. These voltages are also compatible with the design of CW electrostatically focused thermionic Pierce guns. The short period wiggler also yields a smaller total size, reducing magnet cost and complexity and generally making it possible to package the advantages of conventional FEL's in a "compact," transportable, and commercializable "tube technology. " High-power radiation output necessitates high beam power. To obtain this capability without invoking high current density, we have proposed the use of a sheet or ribbon electron beam [ 5 ] . Such beams are naturally suited to stable and well-focused transport in planar wigglers when an axial magnetic guide field is not used [6] . In addition, a streaming beam without an axial guide field is easier to generate and match to an interaction region than rotating beams with axial fields. Spent beam energy recovery of streaming beams with small exit energy spread should be considerably easier than recovery of rotating beams with large exit energy spread. The issues here involve size and complexity of the depressed collector region and associated power supplies. Rotating beams must first be "unwound" in a magnetic field taper before energy recovery can be effectively attempted. At modest beam voltage ( -100 kV) this may not be a severe constraint, but at higher beam voltages ( Vheam 2 500 kV) the taper length may become considerable. Streaming beams, however, require no such "beam conditioning." The exit energy spectrum of the beam determines the size and complexity of an efficient depressed collector. Experimental experience has demonstrated that collector efficiencies in excess of 90% are possible for low-gain FEL oscillators with beam voltages of 1-6 MV [7]- [9] . Simulations suggest that such capability may be possible for the FEL proposed here with a minimal number of electrodes in the depressed collector. If true, this would not only yield total FEL system efficiencies of -30-40%, but would allow the majority of the beam current to be drawn from less expensive lowvoltage (I/ 5 200 kV) power supplies.
It is noted that the underlying concept of a CW FEL oscillator with depressed collectors is not new to this paper, but has been previously proposed in [lo] . Features of this work which differ from the previous study [lo] include the sheet beam, short period wiggler, lower beam voltage, a grounded tube body, the use of conventional dc power supplies, and the generation of the beam with a thermionic Pierce gun.
To evaluate the feasibility of a CW high-power millimeter-wave source, we have identified the principal technological risk issues for the short-period-wiggler sheet beam FEL as 1) thermal engineering, 2 ) beam transport, 3) beam generation, 4) spent beam energy recovery, 5 ) power supply technology, 6) magnet technology, and 7) cavity design.
The remainder of this paper discusses our program's progress in assessing the risks associated with each of these topics.
SELF-CONSISTENT CONCEPTUAL DESIGN
Self-consistent conceptual design of low-gain FEL oscillators has been reduced to a powerful, convenient procedure through the identification of fundamental "universal" quantities [ [20] with the University of California at Santa Barbara FEL [7] , [9] has yielded excellent agreement in explaining observations of both single and multimode operation [21] in that device. Finally, when run in a single-pass amplifier mode, the codes have yielded excellent agreement [22] in predicting the single-pass efficiency of the untapered section of the ELF FEL facility at the Lawrence Livermore National Laboratory [23] .
To summarize, the universal formalism makes it possible to identify a unique dimensionless operating point with optimized efficiency for low-gain, untapered, Compton, FEL oscillators. This "point" can be transformed into (dimensionalized) device designs through the use of scaling relations which relate the universal quantities to physical observables. With these formulas, one can rapidly modify designs to optimize RF wall losses, output power, etc. while maintaining optimal FEL efficiency. Note that the dimensionless universal formalism has drastically reduced the theoretical parameter space, thereby permitting self-consistent comprehensive investigations of such realistic effects as multimode competition, finite beam turn-on time, dc space-charge, beam energy spread, and wiggler tapering. Most of these effects are discussed in detail in [ 1 I]-[ 171. The remainder will be described in future publications.
As a general rule, the designs described in this paper are characterized by short interaction lengths, relatively weak wiggler parameters (and thus small transverse beam energy), and low beam current densities. Consequently, the FEL interaction physics are relatively insensitive to beam energy spread ( A y / ( y -1 ) < + 2 % is acceptable-see [ 1 I] ) and beam displacement effects. In addition, for the designs reported here, the use of a sheet beam does not significantly alter the basic physics to the FEL interaction (when compared to a round beam) other than to substantially reduce the dc space-charge fields [ 171. At beam current densities much higher than prescribed for the designs of this paper, new effects, such as self-focusing in the wide beam transverse dimension, may become important [ 171. As examples of what our design method yields, we have provided four untapered -300 GHz, -1 MW FEL oscillator designs in Table I (the symbols of  Table I have been defined in the Nomenclature). The fundamental variable in these four designs is the beam voltage, which ranges from 0.5-1.0 MV. To keep the frequency constant as beam voltage increases, we have simultaneously increased the wiggler period length. We will refer to details of these designs throughout the report. Hence, at this point, general observations will be made. First, the estimated RF wall losses are considerably lower in all four designs than for the conventional gyrotron [24] or the (smooth-walled) CARM [25] . At the higher voltages, these wall losses [ p z a l l ] are essentially negligible. Note that to compute this ohmic dissipation, a conservative wall conductivity value two times lower than the text book value [26] was used. The second point is that for FEL beam voltages exceeding 600 kV, beam-to-wall clearances are comparable to those proposed in 300-GHz whispering gallery gyrotrons 1241 and CARM's [25] . This second observation is intended for reference purposes only, and does not imply any inherent advantage per se for the FEL over the gyrotron or the CARM. Previous sheet beam FEL designs using short period wigglers [3] - [5] proposed parameters similar to the first column of Table I wherein the beam-to-wall clearances were probably impractical for the available beam focusing capability. The more recent approach is to use higher voltage (stiffer) beams and larger waveguide gaps, as identified in the second, third, and fourth columns of Table I . The feasibility of sheet beam transport for parameters relevant to these three designs is addressed in a subsequent section.
The current density for each design in Table I is well below the limit at which space charge would affect either the FEL interaction efficiency or the equilibrium beam thickness (bbeam). The estimates of total beam axial energy spread include all contributing effects, including finite beam emittance, space charge depression, and finite beam thickness in the inhomogeneous wiggler fields. Finally, our calculations of the effects of wiggler tapering indicate that stable single-mode equilibria exist with intrinsic efficiencies approximately three times the untapered FEL designs. Preliminary time-dependent simulations, however, have not yet demonstrated how oscillators evolving from noise can access these equilibria. This is a subject for future study. Hence throughout the remainder of this paper we will concentrate our design discussions to untapered FEL oscillators.
111. THERMAL ISSUES As described in [ 121, we have completed a conservative engineering heat transfer analysis of the proposed FEL configuration to determine what level of thermal heat flux one can confidently remove from the cavity walls. The conclusion to that study was that steady-state fluxes up to 1500 W/cm2 are well within the capabilities of existing thermal engineering. Fluxes approaching 2000 W /cmz might be feasible, but are more challenging. It is notable that these predictions are in good agreement with recent gyrotron cooling experience at Varian, to the extent that the estimated local heat flux where gyrotron cavity f$lure occurred was found to be approximately 5 kW/cm- [2] . Furthermore, the probable failure mode for those cavities was cyclic fatigue rather than steady-state thermal stress.
Having established the capabilities for thermal heat removal, we turned our attention to evaluation of candidate heat sources in our FEL configuration. The sources of heat which we considered included thermal management in the electron gun, in the microwave cavity, and in the wiggler. We consider these components one at a time. followed by the identification of a thermal management question which we have not addressed in detail: cooling of the beam collector.
First, while it is true that all thermionic electron guns (pulsed or CW) involve heated cathodes, this is not a new thermal management problem. As discussed in the section on beam generation, our preliminary gun design efforts indicate that the desired sheet beam electron guns will involve emission current densities at the cathode of less than 2 A/cm'. This level is well within existing thermionic gun experience from the point of view of thermal management.
Secondly, we consider the issue of heat generated by the magnet. Measurements on the University of Maryland's "current sheet" electromagnet wiggler [3] , [4] have demonstrated that wiggler fields of 2.0 kG are achievable with approximately 3 kA of wiggler current. From measurements of wiggler resistance, one can conservatively estimate the total heat produced by the wiggler to be less than 10 kW per wiggler (for a 20-period wiggler), or less than 250 W per half-period. Present wiggler designs would easily allow for at least three I-mm-diameter cooling channels per half-period. For 5-cm-wide wigglers, this corresponds to a cooling surface area of approximately 5 cm' per half-period. Convective heat removed obeys the relation:
where h is the convective film coefficient, A is the cooling surface area, and Ttluld and TIUrlJCC are the bulk fluid and cooling channel wall temperatures, respectively. An extremely conservative value for the film coefficient using water coolant would be 3 W/cm' . "C. For this value of h and A = 5 cm', the 250-W per wiggler half-period could be dissipated by a mere 20°C temperature difference between the fluid and the channel wall. The conclusion to this exercise is that thermal management of the heat generated by the magnet should be a relatively straightforward matter by present technology standards. The argument is even further strengthened by recent research in superconducting and permanent magnet wigglers, indicating that either one of these other technologies may be an acceptable alternative to the room-temperature electromagnet short-period wiggler. In such cases the issue of magnet heat is moot.
Thus we consider the issue of cavity wall heating. There are two possible sources for such heat: 1) RF ohmic losses, and 2) beam current interception (body current).
For the case of RF wall losses, a quick inspection of Table I reveals that in all four designs the wall losses are less than 200 W/cm2. These fluxes were conservatively calculated using a wall conductivity value of 2.5 x 10" s -' (cgs), which is a factor of two smaller than the textbook conductivity of copper [26] . For the higher beam voltage FEL designs, the RF wall heat fluxes are essentially negligible when compared with the 1500 W/cm' dissipation limit described in [ 121. This would be especially true for the larger gap spacings possible with a superconducting wiggler (see the section on wiggler magnet technology). Finally, it is emphasized that these low-RF thermal heat load estimates have been achieved without invoking the need for corrugated cavity walls and hybrid transverse modes. This is desirable, since theoretical estimates indicate that even shallow wall corrugations are likely to induce backwards wave "orotron" instabilities for such high energy beams [27] .
The remaining agent for cavity wall heating is beam interception. Since the short-period wiggler FEL (as with a CARM) requires beam voltages between 0.5 and 1.0 MV and several to tens of amps of (average) beam current, thermal stability of the cavity requires that body currents be less than approximately 2.5-5 mA/cm', depending on beam voltage. Our research during the past year has concentrated on determining whether regimes exist in which there is virtually zero body current for wiggler-focused sheet beams. As discussed in the following section of beam transport, we have verified both theoretically and experimentally that such a regime does exist, provided that the beam emittance at injection is small enough. Thus the issue is not whether wiggler focusing can maintain small enough body currents-that capability has been convincingly established by our research. Instead the issue is whether high-voltage sheet beam electron guns can be designed to deliver the requisite beams. We will discuss this latter question in the section on beam generation. The conclusion drawn from our preliminary gun design efforts, however, is that multianode guns using electrostatic focusing should be capable of meeting these needs.
One critical area of challenging thermal management which we have not yet addressed concerns cooling needs in the beam collector (cf. Fig. 1 ). Due to the proposed use of depressed collection, it is expected that the total deposited beam power-handling capability of the FEL collector will not be significantly greater than that required for comparable gyrotron tubes. As discussed in the section on spent beam energy recovery, however, the exit energy spread in the FEL beam is much smaller than in comparable sources having higher intrinsic interaction efficiencies. This may result in a significantly higher concentration of thermal loading in the FEL collector. Whether this is true, and, if so, whether the collector's thermal management has a practical solution, is a subject for serious future consideration.
Finally, virtually any candidate source of ( 2 ) 1-MW CW (or average) power at ( 2 ) 300 GHz must ultimately address the rather daunting scenario of catastrophic loss of beam focusing fields. Whether such a beam strike will result in catastrophic damage to the tube depends on the speed with which beam voltage power supplies can be shut down and/or crowbarred. Also, it depends on whether the undesired beam strike occurs on a surface which is actively cooled or on a surface where cooling is only by passive conduction.
IV. BEAM TRANSPORT A . Theory
The idea of using sheet or ribbon electron beams in high-power vacuum devices is not new. Historically, numerous applications have been suggested and a few investigated. The difficulty of such a configuration, however, arises when the question of beam focusing is addressed. In most previous work, an axial guide field provided the beam focusing (cf. [6, and references cited therein]). This approach was generally abandoned, though, due to beam distortion or disruption via the diocotron (or related) instability. In FEL's, on the other hand, beam focusing can be accomplished with the wiggler fields. In many cases, this wiggler-focusing force is quite substantial and can obviate the need for an axial guide field. One is therefore led to expect that focusing with planar wigglers would be a natural configuration for stable propagation of sheet beams. This hypothesis has been confirmed by our own research [6] .
The principle of wiggler focusing has been derived previously [28] . We briefly review selected parts of that derivation to develop the expression forms most convenient to our subsequent experimental data analyses. For a magnetic field produced by an ideal planar wiggler with the form:
the wiggler-focusing force on an electron can be conservatively approximated as This expression actually underestimates the confining force for electrons which stray near either magnet (and thus near a waveguide wall). Here we have defined the small transverse dimension (between the upper and lower magnets) as the "y"-dimension. Using the force expression in (2), the wiggler focusing of electrons (in the narrow transverse dimension) manifests itself in "betatron" orbits which obey the equation where the motion has been averaged over one wiggler period (hence we are assuming that the betatron period is much longer than the wiggler period). This equation can be solved for electrons entering with arbitrary initial location ( ?, , ) and injection angle (e,,,): Table I . The results are plotted in Fig. 2 . Clearly, the FEL design values for injected beam of I f 2 " and 2y0 = 1 mm are conservative in divergence angle by a factor of -3 and conservative in beam thickness by a factor of -5 . As described later, the use of a superconducting wiggler can increase both of these safety factors by at least two.
Before discussing our experimental measurements of wiggler-focused sheet beam body current, we consider several other theoretical effects. First, the issue of space charge is discussed. For wiggler-focused sheet beams, space-charge forces are negligible if [6] ( 5 ) For quantitative purposes, ( 5 ) can be written as
where B,,., the wiggler field amplitude, is expressed in kG. The "Brillioun" current density ( Jh = 232yOBt.) is plotted in Fig. 3 versus B,!, for several beam energies between 0.2 and 1.0 MeV. Clearly the FEL designs of Table I satisfy ( 5 ) or (6) by over an order of magnitude. The conclusion is that space charge forces can be confidently neglected when estimating wiggler focusing effects in the 300-GHz 1-MW FEL's. There are several other important realistic effects which will add corrections to the wiggler-focusing formulas presented in the preceding. These include radiation (RF) field forces, entrance tapers, wiggler field errors, etc. To theoretically estimate these effects, a nonlinear three-dimensional numerical simulation of beam focusing is being conducted. The code has been described in the literature (cf., for example, (291) and has been benchmarked against numerous FEL experiments and other codes. At the time of this writing, both RF field and entrance taper effects have been investigated. Since these studies will be described in detail in a subsequent publication, we will just summarize the results here. First, for an injected beam quality which satisfies the unperturbed ballistic confinement conditions (i.e., just wiggler fields, without RFcf. Fig. 2 , for example) , there is no increase in body current due to the addition of RF fields. This is a direct consequence of the fact that these high-voltage low current density beams are very stiff and the interaction efficiency, q(,, is small. Secondly, with too long of an entrance taper, avoidance of body current imposes severe constraints on beam quality. As one might expect, too long of an en- trance taper provides greater opportunity for the beam envelope to expand prior to reaching full strength wigglerfocusing. For the beam and wiggler parameters of Table  I , however, a short one-or two-half-period taper is adequate for beam entrance matching without affecting beam confinement.
B. Experiments
Our most recent beam transport experiments have been based on slight modifications of the early configuration of [6] . For these studies, a 50-11s pulse line accelerator and field emission diode generated a short intense beam with a peak voltage of 400-500 kV. This estimate of beam voltage was confirmed in several ways, including careful thin foil rangelenergy measurements. Early experiments
[6] used a masking anode with a series of small holes to generate many closely space beamlets. These beamlets merged together shortly after entering the waveguide region to form a sheet beam. Our more recent experiments have replaced the series of holes with a rectangular slit in the anode, thus starting out with a true sheet beam. In addition, we have changed from a five-period wiggler to a ten-period wiggler.
A configuration schematic has been illustrated in Fig. Fig. 4 we have isolated the waveguide body from the anode and installed a diagnostic to measure the body current. Seven months of intensive effort were spent painstakingly reducing noise signals, eliminating capacitive coupling effects, and improving statistics for measuring small body currents. These body currents were measured for two types of beams: i) A high current density ( J -0.5-1.5 kA/cm*), large emittance (e,., As a result of our efforts at noise reduction, we were finally able to resolve body currents down to a minimum detectable fractional current of Ihody /Ihcani 0.5 % .
Note that in
The body current data is plotted in Fig. 5 . It is evident that the single-anode beam (high-density , large emittance) had appreciable wall interception ( -20% of injected current), even for 2-kG wiggler fields. This is in strong contrast to the double-anode beam (low density, small emittance), which had zero body current (within the 0.5% measurement resolution) at wiggler fields above 1.8 kG. These data are consistent with theory in several respects. In Fig. 6 we have made a plot similar to Fig. 2 , showing the zero-body-current regime for a wiggler-focused 500-kV sheet beam with B,c = 2.0 kG and a 3.2-mm waveguide gap (this was the gap used for the transport experiment). In this case, the single-anode beam extends outside the limiting boundary, while the double-anode beam is located well within the interception-free region. It should also be noted that Fig. 6 assumes that space-charge forces can be neglected. Looking at Fig. 7 , it is clear that while this is a safe assumption for the double-anode beam, space charge expansion may play an important role in the body current for the single-anode beam, even at wiggler field strengths approaching 2 kG. These experiments are discussed further in [30] .
At this point, we should compare the experimental parameters to the parameters desired for the point designs of Table I . First, the current density ( -65 A/cm') and the divergence half-angle ( -f 1 ' ) for the double-anode experiments were comparable to the FEL design specifications ( -85-150 A/cm2 and < 2", respectively ) at beam injection. Similarly, the experimental beam energy of -500 kV was comparable to the specifications of Table I. Note that the experimental waveguide gap of 3.2 mm is smaller than the waveguide gaps specified for FEL designs with beam energies greater than or equal to 600 kV. In this sense, the experiments represent a verification of sheet beam transport under conditions more demanding than one would expect in an optimized ultimate device. It is equally important, however, to emphasize that the 2.2-mm waveguide gap required for the 500-kV design of Table I is considerably smaller than that used in the experiment. Consequently, the 500-kV design has been judged as probably too optimistic. So far, we have not addressed the subject of horizontal, or wiggle-plane, focusing. From the point of view of beam interception, there are several reasons why this is not a critical issue. First, for large aspect ratio sheet beams (width >> thickness), it is straightforward to show that the space charge forces in the horizontal (or "x") dimension are dramatically reduced by image charges in the upper and lower waveguide walls [5] . Consequently, for our low-current density sheet beams, the imposition of a modest -100 G "dc" bias field at the beam edge should be sufficient for horizontal confinement. Schematically, this concept is illustrated in Fig. 8(a) and discussed further in For permanent-magnet wigglers using low-permeability materials, the addition of this modest edge-focusing field component should be a straightforward matter. For electromagnets (either room temperature or superconducting) using high-permeability inserts, an effective dc field component is achievable [31] by staggering the highp inserts, as shown in Fig. 8(b) . Measurements of our own wigglers with such staggered inserts confirm the existence of the effective dc edge bias fields. Actual beam transport experiments with such magnets is a subject for future study. Finally, as discussed in the section on cavity design, it is presently expected that the FEL cavity will be an "open-sided" variety where the sidewalls are removed and replaced by small lips in the upper and lower waveguide walls. Hence, for practical purposes, there will not be any sidewalls in the beam's vicinity. Consequently, beam interception on the sidewalls will not be an issue for cavity thermal management.
In conclusion, our completed theoretical and experimental research convincingly argues that body currents for wiggler-focused sheet beams can be kept to virtually zero, provided a sufficient quality beam can be generated. As we will discuss in the next section, our preliminary gun design efforts indicate that the required 1 .O-mm-thick 0.5-1.0 MV sheet beams with divergence angles €J,o 5 + 2 " -3" are feasible using multianode electrostatic focusing. For completeness, we are conducting numerical studies of beam transport, including entrance tapers, field errors, and other realistic effects. Since our FEL designs call for quick entrance tapers ({-I period) and short wigglers ( -20 periods), however, there is no reason to expect the aforementioned conclusions to fundamentally change. Finally, even more compelling is the fact that with superconducting wigglers, a larger waveguide gap is possible for the same wiggler field strength and wiggler period (cf. Fig. 2) . In fact, for a superconducting wiggler, the most important constraint on beam emittance involves maximizing FEL efficiency by minimizing axial energy r51. To achieve these characteristics, it was suggested that we consider a multianode Pierce gun with electrostatic focusing [32]. The theoretical formalisms to design such structures have been known for some time [33]- [40] . Furthermore, the accuracy of these design techniques has been experimentally verified in relativistic [36] , [39] , [40] as well as many nonrelativistic guns. The basic principle for generating a compressed CW high-voltage electron beam which is tunable in voltage (i.e., the voltage can be changed at constant current) is to generate an electrostatically compressed beam at low to modest voltage (while the beam is still soft) and then pass it through a series of electrostatic lenses that accelerate the beam while maintaining its focus. In this process, the total beam voltage becomes spread out over a larger distance than for a single-anode gun, thus keeping electric fields to acceptable levels. In addition, the high beam velocity means that the space-charge perturbation on the vacuum fields is negligible in the gap between the penultimate and final anodes. Hence the potential difference between the last two anodes can usually be varied over a modest range without significantly affecting the beam current or the beam emittance.
We have taken a cursory look at the feasibility of such high-voltage sheet beam gun design using a well-tested electron optics code [4 11. An example of a 1 .O-MeV sheet beam gun design is illustrated in Fig. 9 . The emittance for this beam was 1 3~ mm -mrad. The remaining beam characteristics at the gun exit are tabulated in Table I1 alongside the desired specifications presented earlier. As one can clearly see, almost all the desired specifications have been met or exceeded by this first design attempt. In view of the brevity of time spent to achieve this design, it is expected that the 50% increase in current density and the one degree decrease in divergence angle would be readily achieved in a more systematic, extended study.
We now consider several additional issues for the gun design. First, the solution of Fig. 9 was tested for sensitivity to small changes in electrode position, to numerical convergence criteria, and to the computation of self-magnetic forces. In all cases, the solution was found to be stable and robust. It is also emphasized that previous studies [42] have established the accuracy of the code for designing similar high-voltage (i.e., -500 kV) thermionic electron guns.
Secondly, substantive differences exist between the sort of gun proposed in Fig. 9 and any previous microwave tube gun. These differences include the very high voltage (which yields a stiff beam with small angular divergence spread), the large clearances between beam edges and anode apertures (keeping aberrations small), and the low current density (keeping space charge negligible). Thus certain limitations on achievable beam quality based on previous gun manufacture will not be applicable here. Thirdly, we have considered possible sources of transverse momentum spread and "halo" current. These have included finite cathode temperature, cathode surface roughness [43] , and transverse field effects at the edges of space-charge-limited emitting strips. First, we can expect finite cathode temperature to yield transverse energy characterized by the cathode temperature: Here it has been assumed that any surface roughness can be characterized by "feature" scale size I,, where I, 5 0.001 in (0.025 mm). Finally, we note that electrons at the beam edge see a defocusing potential depression of the vacuum field. We have conservatively included this factor in our estimates of body current by assigning this entire potential drop to the transverse energy of edge electrons. Thus for the solution shown in Fig. 9 , this yields an upper bound on the effective transverse "temperature" for edge electrons of 7":' ' = 300 eV To see how these thermal models affect body current, we repeated the simulation of the gun in Fig. 9 , using 100 nonthermal rays. Then each ray was assigned a Gaussian spread in divergence angle, characterized by the standard deviation angle corresponding to TL = 3 eV for the bulk of electrons, and T , = 300 eV for electron beamlets close to the emitting strip edge. The individual gaussians are then summed to form a composite angular divergence distribution as shown in Fig. 10 . When one calculates the amount of halo current in the "wings" of this composite distribution which can strike the wall, the resulting body current is less than IO-' of the injected beam current. Since such a small body current ( 5 IPA) will be practically immeasurable, this answer is essentially equivalent to zero body current. (Note: The particle simulations de--that such a simulation will self-consistently compute the effects of potential depression at the beam edge. The resulting y -8 loci of each ray are plotted in the trace space of Fig. 11 . Also shown are boundaries for negligible body current conditions based on confining the betatron amplitudes of (4b) inside the waveguide gap without interception. Note that when weighted by the current in each ray, the resultant beam associated with Fig. 1 1 still has an rms beam thickness of 1 mm. The emittance for this beam was 497~ mm . mrad.
VI. SPENT-BEAM ENERGY RECOVERY
From a study of Table I . it is clear that the short-period wiggler FEL (untapered version) only becomes attractive as a CW radiation source if the spent-electron-beam's energy can be recovered with an efficiency in excess of 80%. This enhances the overall (total) device efficiency to values between 20 and 40%, and reduces the voltage on the main power supply to approximately 100-200 kV. The use of multistage depressed collectors for spent-beam energy recovery in low-voltage TWT's is a well-known technique, dating back to the early 1950's [45] . As described in the review article by Kosmahl [46] , streaming beams with small axial energy spreads are ideally suited to highly efficient energy recovery. In fact, both theory and experiments have long since established that for lowvoltage streaming beams with exit axial energy spreads < 5 % , energy recovery efficiencies in excess of 95% are achievable [45] , [46] . [47] . These measurements were done with 2-6 MV, 1-3 A beams which were routed through an extended circuit of many beamline bends and other sources of beam quality depletion. Nevertheless, collector efficiencies of 99.0-99.9% have been claimed in the absence of lasing, while efficiencies of 95-97% have been reported during FEL operation. Thus it is expected that the desired 80-90% collector efficiencies would be achievable in the short-period wiggler FEL, provided that the exit energy spectrum is sufficiently simple (i.e., small energy spreads). This confidence is strengthened by the fact that at most four, and possibly no beam bends are anticipated for the proposed sheet beam FEL.
Thus we turn to the question of the spent-beam energy spectrum for the short-period wiggler FEL oscillator. This is critical to the energy-sorting task, which impacts both the expected achievable collector efficiency as well as the size and complexity of the depressed collector and its power supply. In this regard, one of the many interesting observations to arise from our most recent FEL oscillator simulations is the predicted spent-beam energy distribution. In particular, the 3-4% electronic efficiencies of the untapered designs in Table I result from downshifting approximately half of the beam electrons by 6-8% in energy. The remaining electrons exit the device at the original injection energy. An example of this spent beam energy distribution is shown in Fig. 12 . Note that the two energy peaks are separated by approximately 6% in energy, with each peak having an extremely narrow (local) energy spread of less than 1 %. This particular example was run for a monoenergetic beam at injection. For beams Table 1 .
with finite energy spread at injection, the result is essentially the same, with each of the two peaks individually having the energy spread of the input beam.
Finally, we consider a recent simulation of spent-beam energy recovery of high-voltage ( -500 kV) gyrotron beams [48] . In that work it was established that energy recovery efficiencies of qcoll 2 80% should be readily achievable for high-voltage gyrotron beams with practical two-electrode depressed collectors. Furthermore, these simulations were for a spent beam with approximately +50% spread in energies. The results of this study add further credence to the expectation that the desired FEL beam collection efficiencies will be achievable with practical depressed collector designs. In contrast to the optimistic anticipation for high collection efficiencies, thermal management in the collector structure is a topic for serious concern. While the total power in the FEL's decelerated spent beam is comparable to that in high-power millimeter-wave gyrotrons, the FEL's smaller exit energy spread may lead to greater localization of beam power deposition on the collector. This important question, at present, remains unanswered. Future two-and three-dimensional beam simulations are planned to address this issue.
VII. POWER SUPPLY TECHNOLOGY
For both CW FEL's and CARM's operating at voltages 0.5-1 .O MV, the fundamental issues for power supply technology are cost and practicality. This is why the subject of spent beam energy recovery is so important. The driving element here is that insulation techniques, power supply size, and cost make a "quantum transition" at voltages exceeding 250-300 kV [49] . In fact, the present state-of-the-art achievement for a commercial dc highvoltage high-power supply is a 700-kW 700-kV unit consisting of two tanks which fill a 1200 ft3 (approximately 36 m3) space [49] . Currently, research and development efforts are underway to develop more compact (and less expensive) sources delivering up to 10 MW dc at 1 MV [49] . Until this development is successful, however, any needs for dc power exceeding 1 MW at voltages above -300 kV would require an outdoor substation. This would be expensive and probably impractical for the intended application. On the other hand, dc supplies near 100-200 kV at power up to 5 MW and/or supplies up to 1 MV at powers 5 3 0 0 kW are commercially available in a practical, affordable form. Admittedly, the "low-voltage" power supply ( 4 L y ) of Fig. 1 is floating at voltages up to 1 MV. Consequently, the input power for that floating supply must transmitted through a high voltage isolation ( -1 MV) transformer. Nevertheless, the cost, challenge, and efficiency of transforming this ac input power (probably in SF, insulation) is considerably more straightforward than the task of rectifying many megawatts of power at 1 MV dc [49] . Other options might include the use of a very high frequency switching supply since the isolation task would be made easier at higher frequencies. The cost or availability of this technology has not been extensively investigated. A further possibility would be to employ the electrical circuit of [lo], wherein the waveguide body is floated at high positive potential. This latter choice, however, is probably incompatible with the desire for active water cooling of the cavity.
We recall that for a simple depressed collector, the relationship between the low voltage ( +Lv) and high bias voltage ( + H V ) of Fig. 1 can be expressed as
where ~c o l l is the collector efficiency and q,, is the intrinsic or electronic efficiency of the oscillator. Hence from the previous discussion, if 4HV is between 700 and 1000 kV, it is clearly imperative (from a power supply cost and practicality standpoint) to get the quantity ( ycolI -77,) between 0.7 and 0.8, respectively (or higher). This need favors highly efficient beam recovery ( 2 80% ) and low to modest electronic efficiency ( 5 10% ).
To summarize, the question of high-voltage dc power supply technology is primarily one of practicality and cost. Because of the aforementioned facts, it is important with high-voltage ECRH sources ( 2500 kV) to achieve high spent-beam collection efficiencies ( 2 8 0 % ). For the untapered FEL designs of Table I , we have listed a design goal on collector efficiency of 90-92%. This is 10% higher than that required to achieve the less expensive power supplies ( 4LV C 200 kV). It would allow, in fact, the specified FEL designs to utilize even lower voltage supplies with voltages -100 kV. As already mentioned, relaxation of the collection efficiency specification to 80 % would still provide for the cheaper power supply technology. The expected feasibility of achieving the high collector efficiencies has already been discussed in the previous section.
VIII. WIGGLER MAGNET TECHNOLOGY
Because of the relatively weak wiggler parameter specified for our FEL designs ( i.e., a,,. -0.1-0.2 ), our wiggler requirements are relatively modest compared to demonstrated wiggler technologies [50] . Based on our theoretical calculations, our wiggler requirements include As discussed in [5], we have already demonstrated electromagnet wiggler performance which exceeds these criteria. It is emphasized that this performance has been achieved with fabrication techniques that are rather rudimentary compared to what is available in commercial industry (consider, for example, some of the more sophisticated fabrication techniques used in [50] ). Thus improvements well beyond our required specifications will undoubtedly be observed as we improve our fabrication methods.
Other exciting options have been raised by recent advances in small period superconducting (SC) wigglers [51] - [53] . These alternatives are a consequence of the increased field strengths realized with SC wigglers in practical configurations for periods as short as 0.8 cm. The simplest option would maintain the same FEL parameters as in Table I , except for widening the waveguide gap by a factor of two. For this case, as shown by the dotted boundary in Fig. 1 1, the zero-body-current trace-space region increases by roughly a factor of two both in divergence angle and beam thickness. The next alternative is to keep approximately the same gap spacings, but increase the on-axis peak wiggler field. Recent work at Brookhaven National Laboratory, for example, is leading to the demonstration of a 0.88-cm-period SC wiggler with a 0.48-cm waveguide gap and an on-axis field of 5 kG [53] . From beam confinement considerations, the enhanced wiggler field leads to a significant reduction in body current risks, as shown by the dashed boundary in Fig. 11 . The implications for the FEL interaction design are more complex, however, although generally in an advantageous manner. For example, with the higher magnetic fields, one could choose to stay with the low-efficiency ( qr 5 10% ) FEL oscillator (this would require a redesign of the interaction length, cavity transmission, etc.), employ high-efficiency beam energy recovery, and This regime of operation, however, is outside the scope of this article. Furthermore, for such efficient devices, beam energy recovery will probably not be able to reduce the voltage on the main power supply (cf. Fig. 1 ) below 300-400 kV. Thus practical implementation of a CW FEL with vc = 30-40% will require additional technological advances in high-voltage high-power dc supplies. These issues and other implications of SC short-period wigglers for sheet beam FEL design will be explored more fully in a future publication.
In conclusion, our requirements on wiggler performance are modest compared to the demonstrated capabilities of several available technologies. Hence wiggler technology is not considered a risk issue for our FEL concept.
IX. CAVITY DESIGN
To pose the problem, what is desired is a cavity with frequency selective feedback (to allow for mode discrimination) as well as the capability to conveniently separate the radiation and electron beam. Our proposed solution is based on some variation of Fig. 13 , which we refer to as an "open-sidewall" rectangular cavity.
Reference [I61 discusses the fact that in the closed sidewall configuration, numerous transverse modes (for the same axial mode) have comparable linear gain. While the question of whether nonlinear mode suppression would result in a single saturated transverse mode is still unanswered, [ 161 established that a probable solution would be to replace the sidewalls with small ''lips'' in the top and bottom cavity walls (as shown in Fig. 13) . These lips confine the desired TEol rectangular mode but diffractively suppress all the unwanted higher-order modes. Fig.  14(a) and (b) conveys this information in terms of the linear gain for the various transverse modes, both with and without sidewalls.
The other advantage of the open-sidewall configuration is that it allows for separating the beam and radiation by either bending the beam or bending the RF in the wiggle plane. Thus, for example, bending the beam would entail extracting the beam from the interaction region through one of the "open" sidewalls. Again, the TEol mode would be confined by the "lips" in the upper and lower cavity walls. Once separated, the beam can be transported under wiggler focusing (using a wiggler with longer period to suppress FEL interaction) to the depressed collector. The RF cavity could then be terminated with a quasi-optical mirror arrangement similar to the quasi-optical (QO) gyrotron. This would permit high reflectivity at the desired high-frequency FEL interaction, while diffractively suppressing feedback at the lower frequency mode. Finally, because of the rectangular geometry, it would be convenient to couple out the -10% of cavity power through a sidewall, as well. This would avoid the problem of mode purity encountered with present QO gyrotron experiments wherein output power is coupled from the cavity via mirror "spillover." To summarize, the issue of cavity design feasibility will require careful future study. An "open sidewall" configuration has been identified which satisfies the desire for transverse mode control while providing a means to conveniently separate the beam and the RF. Once separated, the beam can be transported to a depressed collector, while the radiation cavity is terminated in a simple, frequency selective, quasi-optical mirror. Radiation power extraction would probably be done via sidewall coupling. Detailed designs for the actual methods of beam and/or radiation "bending," however, represent a very challenging outstanding task. For example, at high frequencies, "bending" the RF wave with the cavity sidelips will have to be done very slowly to avoid mode conversion. Alternatively, while achromatic magnetic lenses have been developed for bending round beams 1541, it is not clear how well the concepts transfer to sheet electron beams.
X . SUMMARY
To summarize, we have addressed the dominant risk issues for design, fabrication, and operation of near-millimeter megawatt CW FEL oscillators using untapered short-period planar wigglers and sheet electron beams. Ohmic RF cavity losses are conservatively estimated to be extremely low, having an order of magnitude safety factor below practical cooling limits. Theory predicts that sufficiently low-beam emittance at injection will ensure acceptably low (i.e., negligible) body current for wigglerfocused sheet beams. This prediction is strongly supported by experimental measurements on beams with parameters relevant to the proposed FEL designs.
Preliminary studies of high-voltage multianode beam gun design indicate that it will be both possible and practical to generate the required quality CW beams associated with negligible body currents. These gun design studies have included consideration of thermal beam effects.
For low intrinsic efficiency oscillators, efficient spentbeam energy collection ( q,,,ll = 80-90) will be necessary for enhancement of total system efficiency to practical levels ( qT = 30-40% ). Although there may be concern with placing so much relevance on the beam recovery process, this configuration yields a desirable situation in which most of the high-voltage ( VI> = 0.5-1 .O MV) beam power is produced by lower voltage ( -100-200 kV), practical dc supplies. While more work is required on this issue, the existing experimental and simulation database indicates that the desired collection efficiencies should be achievable with practical collector designs. The required specifications on wiggler performance are well within the demonstrated capabilities of several available room-temperature magnet technologies. Furthermore, recent advances in superconducting wiggler development portend exciting possibilities for FEL design improvements. The simplest improvements involve larger waveguide gap and greater beam clearance. More substantive FEL revisions involve higher on-axis wiggler fields, higher gains, and/or higher efficiencies. In particular, a strong-pump (Compton), high-efficiency ( -30% ) tapered FEL amplifier might be possible using a CW, superconducting, short-period wiggler. These options will be explored in a future publication.
An open-sided resonator cavity concept has been identified. This cavity provides selective mode discrimination, as well as a method for separating the radiation and the electron beam.
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